Adipose tissue usually is classified as either white, brown or beige/brite, based on whether it functions 32 as an energy storage or thermogenic organ (Cannon and Nedergaard, 2004; Rosen and Spiegelman, 33 2014). It serves as an important regulator of systemic metabolism, exemplified by the fact that 34 dysfunctional adipose tissue in obesity leads to a host of secondary metabolic complications such as 35 diabetes, cardiovascular diseases and cancer (Hajer et al., 2008; Lauby-Secretan et al., 2016) . In addition, 36 adipose tissue is an important endocrine organ, which regulates the function of other metabolic tissues 37 through paracrine and endocrine signals (Scheele and Wolfrum, 2019; Scherer, 2006) . Work in recent 38 years has demonstrated that tissue heterogeneity is an important factor regulating the functionality of 39 various organs (Cao et al., 2017; Ginhoux et al., 2016; Park et al., 2018) . Here we used single nucleus 40 analysis in mice and men to deconvolute adipocyte heterogeneity. We are able to identify a novel 41 subpopulation of adipocytes whose abundance is low in mice (2-8%) and which is increased under 42 higher ambient temperatures. Interestingly, this population is abundant in humans who live close to 43 thermoneutrality. We demonstrate that this novel adipocyte subtype functions as a paracrine cell 44 regulating the activity of brown adipocytes through acetate-mediated regulation of thermogenesis. These 45 findings could explain, why human brown adipose tissue is substantially less active than mouse tissue 46 and targeting this pathway in humans might be utilized to restore thermogenic activity of this tissue. 47
48
Unsupervised clustering of the profiles identified three adipocyte subsets, referred to as groups (C1, C2 85 and C3) ( Fig. 1b, Methods) . Canonical adipocyte markers Adipoq, Plin1, Lipe, Cidec and brown 86 adipocyte markers Ucp1, Cidea, Ppargc1a, Syne2 (Shinoda et al., 2015) were expressed in all groups 87 ( Fig. S1b) , albeit at varying levels. Preadipocyte markers, such as Cd34 and Ly6a (Sca1) (Fig. S1c ) 88
were found in few cells in cluster C2, which could denote differentiating precursor cells which have a 89 high adipogenic signature (Merrick et al., 2019; Schwalie et al., 2018) . Trajectory analysis by RNA 90 velocity and monocle suggested differentiation of these cells from population C2 to C1 (Fig. S1d,e ). C3 91 cells (15 out of 377, blue) are a noticeably distinct group of brown adipocytes with distinctive marker 92 genes, including Cyp2e1, Chst1, Auts2 and Atp2b4 (Fig. 1c and Extended Data Table 1 ). We validated 93 the grouping by profiling 8,827 adipocyte nuclei by parallel scRNA-Seq (10X Chromium) 94 sequencing(Gaublomme et al., 2019) ( Fig. 1d, Methods) , using the same RFP enrichment strategy. 95
Similar to our first analysis, most nuclei expressed both general adipocyte and brown adipocyte markers 96 ( Fig. S1g) , while preadipocyte markers Cd34, Ly6a, Pdgfra (Fig. S1h ) and other stromal cell markers 97 such as Cd3, Cd14, Cd16, Cd19, Cd20, Cd56 were virtually absent (data not shown). The brown 98 adipocytes in this larger dataset partitioned into four populations P-RT-1-4 ( Fig. 1d) . Pde3a, Cish, 99 Atp5e, Cyp2e1 were identified as markers of populations P-RT-1, P-RT-2, P-RT-3, P-RT-4 respectively 100 ( Fig. 1e and Fig. S1i ). Besides Cyp2e1, P-RT-4 (256 out of 8827, violet) uniquely express Auts2 and 101
Atp2b4, mirroring the expression of the C3 cell population (Fig. 1f) . In conclusion, both analyses 102 identify a small cell population in murine iBAT. 103
104
In order to reveal the dynamics of brown adipocytes in response to thermoneutrality (TN) and cold 105 exposure (CE), we profiled 8,200 adipocyte nuclei from iBAT of mice kept at 30ºC for 120 days and 106 11,432 adipocyte nuclei from iBAT of mice exposed to 8ºC for 4 days. An integrated analysis for nuclei 107 in RT, CE and TN revealed ten subsets ( Fig. 1g,h) , with P1 and P2 derived mainly from RT and CE, P3 108 mainly from TN, P5 from RT, P6-P10 mainly from CE (Fig. 1i) . Interestingly, P4 contained nuclei from 109 all three conditions and was mainly comprised of P-RT-4, P-TN-4 and P-CE-4 ( Fig. S1j, Fig. 1i ), which 110 was comprised of 2.45%, 3.9% and 8.3% of all cells at CE, RT and TN, respectively ( Fig. 1i ), suggesting 111 that the number of cells from this population declines upon cold stimulation and increases in the absence 112 of sympathetic input to brown adipose tissue. Trajectory analysis showed that the three states of cells 113 reflect the three stimulations, while P4 cells are on the early stage of each progression ( Fig. 1j and Fig.  114 S1k). Clustering identified five subsets of brown adipocytes in TN condition (Fig. S1l) , marked with 115 Kng2 (P-TN-1), Ryr1 (P-TN-2), Atp5e (P-TN-3), Plcb1 (P-TN-4), and Dcn (P-TN-5), respectively ( Fig.  116 S1n,o). P-TN-4 cells were similar to C3 and P-RT-4 by co-expression of markers such as Auts2, 117
Aldh1a1, Atp2b4 (Fig. S1p) . In the CE condition, we identified five subsets ( Fig. S1q) , marked with 118 Fam13a (P-CE-1), Pck1 (P-CE-2), Cyyr1 (P-CE-3), Igf1 (P-CE-4), Arhgap15 (P-CE-5) (Extended Data 119 Table 2 ). Similar to the TN condition, P-CE-4 corresponded to P-TN-4, P-RT-4 and C3 (Fig. S1t) . In 120 the integrated analysis, P4 formed a stable cluster independent of the stimulation condition with 121 overlapping marker genes (Fig. 1k) . 122 123 We next tested if a similar adipocyte population is present in human brown adipose tissue, by isolating 124 nuclei from deep neck BAT of sixteen individuals followed by snRNA-seq. Unsupervised clustering of 125 42,295 nuclei profiles identified 10 subsets (populations a-j) ( Fig. 1l) . Population d expressed known 126 brown and white adipocyte markers such as ADIPOQ, PLIN1, CIDEA, PPARGC1A (Fig. 1m) , 127
suggesting that it was comprised mainly of mature fat cells. Populations b and c express high level of 128 immune cell markers ( Fig. S1u) . A Garnett classifier trained with ADIPOQ + cells as reference annotated 129 3,599 adipocytes mainly derived from population d ( Fig. 1n) . Sub-clustering of these adipocytes 130 identified eight subsets (H-Ad-1-8) ( Fig. 1o ). Brown adipocyte markers PPARGC1A and CIDEA were 131 enriched in subsets H-Ad-1 and H-Ad-3-6, indicating that these are the brown adipocytes of human 132 adipose tissue ( Fig. 1p ). Mouse P4 specific marker genes such as ALDH1A1, ATP2B4 and AUTS2 were 133 expressed in all populations ( Fig. 1p) , a P4 signature gene score ( Fig. S1v) suggests that human brown 134 adipocytes more closely resemble mouse P4 cells. 135
136
To further characterize P4 cells, we analyzed the in situ expression of Cyp2e1, their most prominent 137 marker gene, and found that it is restricted to the mature adipocyte fraction both in brown and white 138 adipose tissue ( Fig. 2a) , which is consistent with previous reports (Sebastian et al., 2011) . To localize its 139 expression within the mature adipocyte fraction, we performed immunostaining of CYP2E1 in iBAT of 140 mice which expressed GFP under the control of Ucp1 promoter (Rosenwald et al., 2013) . A distinct 141 population of cells was identified ( Fig. 2b) , which stained positive for CYP2E1 and GFP as a surrogate 142 for Ucp1 expression, validating our snRNA-seq. Most of the P4 cells were located at the edge of the 143 brown adipose tissue depot, although some were interspersed within the depot ( Fig. 2b and Fig. S2a ). 144
Interestingly, our data show that both unilocular, paucilocular as well as multilocular cells stained 145 positive for CYP2E1 ( Fig. S2a ). Brown adipose tissue in mice has been suggested to expand by 146 recruiting new brown adipocytes at the edges of the depot, suggesting that the newly identified cell 147 subset P4 might be comprised of newly formed brown adipocytes, in line with the trajectory analysis 148 ( Fig. 1j and Fig. S1j ). This however is at odds with our observation that this population is increased 149 under TN condition. For humans, the endothelial niche has been demonstrated to harbor a precursor 150 pool for brown adipocytes (Min et al., 2016; Tran et al., 2012) . We did not observe any distinct 151 localization of P4 in proximity to vascular structures, suggesting that there might be a different precursor 152 pool, giving rise to this particular cell population. 153
154
Because the snRNA-seq profiles indicated that the proportion of P4 cells may vary under different 155 stimuli known to affect BAT function ( Fig. 1i) , we analyzed how the P4 population abundance and 156 localization changed upon exposure to TN (120 days) or CE (4 days) ( Fig. 2c) . The number of P4 cells decreased after CE, while under TN condition P4 cell numbers increased ( Fig. S2b) , validating our 158 observations from snRNA-seq ( Fig. 1i) . The cells remained localized within the depot under all 159 conditions. These data suggest that sympathetic nervous system (SNS) innervation is involved in the 160 recruitment of these cells in an inverse fashion compared to SNS mediated mature brown adipocyte 161 recruitment (Nguyen et al., 2017) . To perform a more detailed analysis of these cells we acquired electron 162 microscopy images from CYP2E1 immunostained iBAT. In accordance with light and fluorescent 163 microscopy data, CYP2E1-positive cells exhibited a brown adipocyte-like ultrastructure, bearing 164 different amounts of lipid droplets. Their mitochondria were smaller and contained few and randomly 165 oriented cristae ( Fig. 2e) with an ultrastructure similar to those previously described in iBAT of rats. In 166 addition, we observed a high percentage of CYP2E1 + P4 cells in ingWAT both at RT and after CE. At 167 RT, CYP2E1 + cells were mainly unilocular ( Fig. 2f) , while after CE there were both multilocular and 168 unilocular cells ( Fig. S2b) . In visWAT there was a large number of CYP2E1 + cells that had an exclusive 169 unilocular shape ( Fig. S2c) . To assess the localization of P4 cells in human BAT, we stained CYP2E1 170 in deep neck adipose tissue samples obtained from patients undergoing thyroid surgery (Perdikari et al., 171 2018) . In accordance with both in situ analyses of mouse tissue, both multilocular and unilocular cells 172 stained positive for CYP2E1, suggesting that these cells constitute a population within the tissue that 173 can acquire different morphological phenotypes ( Fig. 2g, Fig. S2d ). Consistent with the snRNA-seq 174 data, the number of P4 like cells was substantially higher in human deep neck adipose tissue than mouse 175 adipose tissue. This is in line with the fact that humans probably spend most of their time under 176 conditions close to thermoneutrality (Keijer et al., 2019) . Given the aberrant mitochondrial structure as 177 well as the exclusive localization within the mature adipocyte fraction, we analyzed human adipose 178 tissue samples from obese and overweight patients which underwent a program of weight loss (Perdikari 179 et al., 2018) . Interestingly, expression of CYP2E1 was inversely correlated albeit weakly, with UCP1 180 and CIDEA expression in these samples as well as with circulating glucose levels ( Fig. 2h and Fig. S2f ). 181
Taking into account the altered mitochondrial structure that suggests that P4 cells have a compromised 182 mitochondrial activity coupled to the inverse correlation with UCP1 we aimed to explore the hypothesis 183 that P4 cells are associated with reduced BAT activity. Therefore, we examined genes selectively 184 expressed in P4 in our snRNA-seq (Extended Data Table 5 ). Interestingly, one gene that is co-185 expressed exclusively with Cyp2e1 is Aldh1a1, which has been implicated in adipose tissue 186 thermogenesis (Kiefer et al., 2012) . Co-staining of both markers in mouse iBAT ( Fig. 3a) showed a 187 complete overlap, suggesting that only P4 brown adipocytes express ALDH1A1. Moreover, ALDH1A1 188 is exclusively expressed in mature adipocytes in iBAT (Fig. 3b) . The findings reporting that loss of 189 ALDH1A1 has been associated with increased BAT functionality (Kiefer et al., 2012) together with our 190 observation that CYP2E1/ALDH1A1 + cells have aberrant mitochondrial structure, supports the 191 hypothesis that these cells are brown adipocytes with reduced functionality. 192
193
To test this hypothesis in vivo, we generated Adeno Associated Viruses (AAVs) to target Aldh1a1 194 expression exclusively in mature adipocytes in the iBAT depot ( Fig. S3a ). Such a system is required, 195 since neither Cre-driver line exists, which can be used to target specifically P4 given its expression in 196 both UCP1 + and UCP1cells. To test the specificity of the system we infected iBAT of AdipoCre-197 nucRed mice with the AAV expressing a shRNA against Aldh1a1 both at RT with a subsequent CE as 198 well as under TN conditions ( Fig. 3c) . We observed efficient knockdown of ALDH1A1 in iBAT ( Fig.  199 3d) and exclusive targeting of mature adipocytes as evidenced by the co-expression of tdTomato and 200 GFP ( Fig. S3b) . We did not find any changes in expression in visWAT and only a 10% decrease in 201 ingWAT ( Fig. S3c) , which was expected given the specific Cre-expression of the chosen model (Eguchi 202 et al., 2011) . Following CE, mice with ablated Aldh1a1 showed a significantly higher surface 203 temperature ( Fig. 3e ) and UCP1 levels in iBAT ( Fig. 3d,f ) than control mice. This is in line with 204 previous reports indicating that ablation of Aldh1a1 leads to a protection from obesity concomitant with 205 an increase in brown adipose tissue function (Kiefer et al., 2012; Ziouzenkova et al., 2007) . This increase 206 in UCP1 levels and body temperature was even more pronounced under TN conditions ( Fig. S3d-f ). 207
Lastly, mice with Aldh1a1 ablated selectively in iBAT showed higher oxygen consumption (Fig. 3g ) 208
and glucose uptake ( Fig. 3h ) at RT, which was even more pronounced after mice were exposed to cold. 209
In light of the small percentage of P4 cells in iBAT (~2.9%) this finding is of high interest as it suggests 210 that either P4 cells following Aldh1a1 ablation become the main contributors to systemic energy 211 expenditure or that these cells interact with other cells to modulate their functionality. 212
213
To study this phenomenon, we cultured SVF from iBAT and ingWAT and differentiated these cells into 214 mature adipocytes, in vitro. Similar to the in vivo data we observed a heterogeneous cell mixture in 215 which approximately 12% of differentiated adipocytes stained positive for ALDH1A1 and CYP2E1 in 216 iBAT derived adipocytes and 16% stained positive for both genes in ingWAT derived adipocytes ( Fig.  217 4a, Fig. S4a,b) . These data suggest that P4 cells arise from committed precursors, which is in accordance 218 with a previous report demonstrating that the heterogeneity of the adipocyte precursors determines 219 adipocyte heterogeneity to a certain extent (Wu et al., 2012) . Similar to our in vivo results, expression of 220 both Cyp2e1 and Aldh1a1 is induced upon adipocyte development similar to Adipoq (Fig. 4b,c) . To 221 modulate the function of these cells and confirm our in vivo findings, we ablated the expression of 222
Aldh1a1 by siRNA-mediated knockdown (KD), which led to an efficient repression of expression ( Fig.  223   4d) . SiRNA mediated KD of Aldh1a1 did not affect the degree of adipogenesis or cell number ( Fig. 4e , 224 Fig. S4c,d) . Ablation of Aldh1a1, however, led to an induction of UCP1 expression ( Fig. 4f ) and other 225 brown adipocyte specific genes ( Fig. S4e) most likely due to an increased number of UCP1 positive 226 cells ( Fig. 4e) . Similar to the in vivo observation this increase is puzzling as only 12% of the cells in 227 culture are positive for CYP2E1/ALDH1A1 and hints at a regulatory function of P4 in controlling tissue 228 thermogenic capacity of other brown adipocytes. To test this hypothesis, we performed respirometric 229 analysis of ex vivo-differentiated adipocytes from iBAT, in which we ablated gene expression of 230 Aldh1a1. In line with the observed changes in UCP1 protein expression, oxygen consumption of these 231 cells strongly increased ( Fig. 4g) , reminiscent of an increase in brown adipocyte functionality. Similarly, 232
we observed an increase in ECAR suggesting an increased glycolytic flux ( Fig. S4f) . 233
234
Given the increased number of UCP1 positive cells, the increase of UCP1 protein levels coupled to the 235 strong effect on energy metabolism when ALDH1A1 is ablated in only 12% of the cells, we speculated 236 that the effect we observed is not cell autonomous but rather due to a paracrine interaction between P4 237 and other thermogenic cells in culture. To test this hypothesis, we treated in vitro differentiated SVF 238 cells with Aldh1a1 siRNA (Yang et al., 2017) or scrambled siRNA and mixed them in different ratios. 239
We observed an Aldh1a1 siRNA dose dependent increase of oxygen consumption and ECAR in this 240 culture, which was substantially stronger than the expected linear increase ( Fig. 4h and Fig. S4g) , 241
suggesting that P4 cells interact with other thermogenic adipocyte in culture to modulate their activity. 242
To support this hypothesis, we performed co-culture experiments in which we cultured cells with or 243 without ablation of Aldh1a1 in an insert-based system ( Fig. 4i) . When we assayed the cells in the bottom 244 chamber for oxygen consumption and ECAR, we observed that reduction of Aldh1a1 only in the bottom 245 chamber led to a mild increase while ablation in both chambers had a similar effect as ablation in culture 246 ( Fig. 4j and Fig. S4h ). This data was in line with the observed increase in UCP1 expression only after 247 ablation of Alh1a1 in both chambers (Fig. 4k) . Taken together, these data demonstrate that 248 Aldh1a1/Cyp2e1 + cells express a paracrine factor, which represses thermogenic function in brown 249 adipocytes. Mews et al., 2019). We therefore quantified acetate levels in the supernatant of cells in which Aldh1a1 257 expression was ablated and observed a 2-fold decrease in acetate levels under these conditions ( Fig. 4l) . which is required to convert acetoacetate to generate β-hydroxybutyrate. Under these conditions, it is 261 possible that acetoacetate is converted into acetaldehyde, which is metabolized by ALDH1A1 to form 262 acetate. To test whether acetate influences brown adipocyte function, we titrated brown adipocytes with 263 acetate and measured cellular respiration. We observed a dose dependent decrease in brown adipocyte 264 function, when acetate levels were modulated similar to the amounts observed in circulation (Müller et 265 al., 2019) ( Fig. 4m) . Acetate has been implicated in many physiological processes, however the data in 266 relation to obesity is conflicting(González Hernández et al., 2019). This might be due to the fact that 267 acetate can be produced by the gut-microbiota, which can lead to changes in portal acetate 268 concentrations as well as changes in liver function. Similarly, it is possible that acetate can act as a 269 paracrine factor within certain tissues independent of circulating concentrations. A recent cross-270 sectional study revealed that circulating but not fecal acetate is negatively correlated with whole-body 271 lipolysis and insulin sensitivity, indicating that acetate might be an important regulator of energy 272 metabolism (Müller et al., 2019) . 273
274
In conclusion, we provide here the first single cell analysis of mature brown adipocytes in both mice 275 and humans. The RFP based nuclei selection allowed us to circumvent the need for prolonged tissue 276 processing, digestion and adipocytes centrifugation, each of which can introduce biased cell loss. 277
Conversely, isolation of nuclei from frozen tissue allowed us to preserve native cell populations and 278
states. Based on these analyses we identified a rare subpopulation of mature adipocytes, which cannot 279 be grouped into either the brown or the white cluster. This CYP2E1/ALDH1A1 + cell population controls 280 the thermogenic function of other adipocytes within the depot in a paracrine fashion by modulating the 281 short-chain fatty acid acetate levels. 282 were co-cultured with Aldh1a1 or scramble siRNA transfected primary adipocytes, n = 6. Schematic 436 illustration of this experiment is shown in Fig. 4i . 437 Results are reported as mean ± SEM. Statistical significance was calculated using two-tailed unpaired 440
Figure legends
Student's T-test; *** for P < 0.001, ** for P < 0.01, * for P < 0.05. Scale bar is 50 µm. 441
Methods and Materials 442

Clinical sample acquisition 443
The clinical study was approved by the Local Ethics Committee of the University Hospital in Bratislava, 444
Slovakia. All study participants provided witnessed written informed consent prior to entering the study. Nuclei were isolated following a modified nuclear isolation protocol (Drokhlyansky et al., 2019) . 459
Briefly, frozen human BAT tissues were thawed on ice, minced to 1 mm 3 and homogenized in cold 0.1% 460 CHAPS in Tris-HCL. The minced adipose tissue was filtered through 40 µm cell strainer, centrifuged 461 at 500g for 5 minutes at 4 °C and the pellet was resuspended in PBS with DAPI. Nuclei suspensions 462 were loaded to MoFlo Astrios EQ Cell Sorter and sorted into a 1.5 ml tube. 463 464
Nuclei isolation from mouse tissue 465
Interscapular brown adipose tissue was harvested from seven-week-old AdipoCre-NucRed transgenic 466 mice for each experiment. Nuclei were isolated by following a modified DroNc-seq protocol (Habib et 467 al., 2017) . Tissue was minced to 1 mm 3 and homogenized in Nuclei EZ Lysis Buffer (#NUC101, Sigma-468 Aldrich) on ice and filtered through a 40 µm cell strainer. This was followed by centrifugation at 500 g 469 for 5 minutes at 4 °C and the pellet was resuspended in PBS. Resuspended nuclei were loaded to MoFlo 470
Astrios EQ Cell Sorter and RFP + nuclei were collected individually in 384-well plate for Smartseq2 or 471 were centrifuged for 5 min at 300 g. The SVF pellet was resuspended in 2 ml erythrocyte lysis buffer 515 (154 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA, pH 7.4) and incubated for 4 min in room temperature. 516
Samples were diluted with 10 ml culture media and filtered through 40 µm cell strainers. After 5 min of 517 centrifugation at 300g, the supernatant was removed and the pellets were resuspended in culture media. 518 SVF cells were seeded into a plate pre coated with collagen I (1:500, #C3867, Sigma-Aldrich) and 519 differentiated as described previously 53 . 48h post differentiation induction, cells were cultured with 520 maintenance cocktail (1μM rosiglitazone and 0.12μg/ml insulin) and refreshed every 48 hours. 521
To test the effects of acetate on brown adipocyte function, culture media was supplement with different 522 amounts of acetate during differentiation. To quantify acetate, primary brown adipocytes on 523 differentiation day 8 were washed three times with PBS, and incubated with maintenance cocktail for 524 24 hours, 100 ul culture media was collected and acetate level was quantified with Acetate Colorimetric 525
Assay Kit (#MAK086-1KT, SIGMA) following the manufacturer's protocol. 526 527
Co-culture experiment 528
On differentiation day 4, primary cells were reverse-transfected with a pool of 3 siRNA probes. Briefly, 529 75,000 cells/cm 2 were seeded into transwell inserts or receiver plates with 100nM of corresponding 530 siRNA, which dissolved in 1.5% Lipofectamine RNAiMAX (#13778150, Invitrogen) in Opti-MEM I 531 reduced serum medium (#31985062, Invitrogen). 48h after transfection, the inserts and receiver plates 532 were washed with warm PBS twice, and co-cultured as described in Fig 4i in maintenance cocktail . 533
Following by 4 days of co-culture, cells were collected for protein extraction or reseeded in seahorse 534 plates at a density of 8000 cells/well for extracellular respiration experiment. 535 536 siRNA knock down titration experiment 537
On differentiation day 3, primary cells were reverse-transfected with corresponding siRNA following 538 the protocol described above. 72h post reverse-transfection, primary cells were collected for protein 539 extraction. The scramble siRNA transfected cells were mixed at different ratios with Aldh1a1 siRNA 540 transfected cells (ranging from 0 to 100%) at a density of 8000 cells/well in seahorse plates for 541 extracellular respiration experiment. 542 543
Indirect calorimetry 544
Indirect calorimetry measurements were performed with the Phenomaster (TSE Systems) according to 545 the manufacturer's guidelines and protocols. Animals were single caged and acclimated to the metabolic 546 cages for 48 hours before metabolic recording 54 . 547
Surface temperature measurement 548
Surface temperature was recorded with an infrared camera at room temperature (E60; FLIR; West 549
Malling, Kent, UK) and analyzed with FLIR-Tools-Software (FLIR; West Malling, Kent, UK). 550 551
Radio labeled glucose tracing 552
Tissue radiolabeled glucose uptake was measured, as described previously 43 . Animals were fasted for 553 4h, then 14 C-2-deoxyglucose at 8 mM, 14.8 MBq/kg body weight was injected by tail vein. 30 minutes 554 after injection, blood samples were collected. Tissue was harvested, weighed and lysed in 10 volumes 555 of 0.5 M NaOH. Radioactivity was measured by liquid scintillation counting (100 μl of lysate in 3.9 ml 556 of Emulsifier-Safe, Perkin Elmer). 557 558
Analysis of adipocyte differentiation 559
Differentiated adipocytes at day 8 were used for differentiation analysis. Briefly, cells in 96 well optical 560 plate were washed with PBS twice and fixed with 5% formaldehyde at 4 °C for 10 min, followed by 3 561 times washing with PBS. Cells were stained with LD540 (100 ng/μl) for lipid droplets and Hoechst No. 562 33342 (100 ng/μl). For UCP1 staining, lipids were depleted by 5% acetic acid in ethanol for 10 min at -563 20 °C, washed with PBS twice at RT and blocked in 0.05% triton, 5% BSA, PBS. Cells were incubated 564 with UCP1 antibody (1:500, #ab10983, Abcam) overnight, washed twice in PBS, incubated with Alexa 565
Fluor 488 anti-rabbit (1:500, #A-11034, Thermo) secondary antibody and DAPI, followed by three 566 washing steps. 29 images per well were acquired with an automated microscope imaging system 567 (Operetta, Perkin Elmer). Images were analyzed using the Operetta imaging software Harmony, as 568 described previously. 569 570
Histology and image analysis 571
Adipose tissues were excised, fixed in fresh 4% paraformaldehyde in PBS (Gibco; pH 7.4) for 24 h at 572 4°C, dehydrated and then embedded with paraffin. 4-micron paraffin sections were subjected to 573 histological staining. Heat induced antigen retrieval was applied on rehydrated paraffin sections. After 574 blocking with 5% BSA for one hour, primary antibody (1:200 UCP1, # PA1-24894, Thermo Fisher) 575 diluted in 5% BSA was applied to sections overnight at 4 °C. After washing with PBS, a secondary 576 antibody (Signal Stain Boost IHC, #8114, Cell Signaling Technology) was applied and the sections were 577 washed 3 times and were detected using the DAB method (#80259P, Cell Signaling Technology). 578
Standard hematoxylin and eosin staining was performed on rehydrated fat paraffin sections. Slides were 579 dehydrated and covered with coverslip by resin-based mounting. All images were acquired by 580 Axioscope A.1 (Zeiss). 581 582
Fluorescence immunostaining of adipose cryosections 583
Adipose tissues from mice were excised and fixed in fresh 4% paraformaldehyde (Sigma-Aldrich) in 584 PBS (Gibco) at pH 7.4 for 2 h at 4 °C, washed four times in PBS and cryopreserved for 30 h in 30% 585 sucrose in PBS with stirring at 4 °C. The samples were flash-frozen on dry ice and stored at −80 °C. 586
Brown adipose tissues were cut at −25 °C on an HM 500 O microtome (Microm) at 20 μm thickness, 587 mounted on Superfrost plus slides (Medite) and thawed at 4 °C, blocked with 10% donkey serum in PBS 588 for 1 h, followed by UCP1 (#ab10983, Abcam), CYP2E1(#ab28146, Abcam), ALDH1A1(#ab9883, 589 to obtain basal, basal uncoupled, isoproterenol-stimulated uncoupled and maximal mitochondrial 627 respiration (Sun et al., 2018) . 628 629
Data repository 630
All RNA sequencing data is deposited in ArrayExpress: E-MTAB-8561 for single-nucleus RNAseq of 631 mouse interscapular brown adipocytes at RT by SMARTseq2; E-MTAB-8562 for single-nucleus 632
RNAseq of mouse interscapular brown adipocytes at RT, CE, TN by 10x; E-MTAB-8564 for single-633 nucleus RNAseq of human BAT cells. 634 635
Western Blot 636
Protein samples were isolated from adipose tissue with RIPA buffer (50 mM Tris-HCl pH (7.5), 150 637 mM NaCl, 1mM EDTA, 1% Triton X-100, 0.1% SDS, 10% glycerol) supplemented with protease 638 inhibitor cocktail (#11697498001, Sigma-Aldrich) and Halt Phosphatase Inhibitor (#78420, Thermo 639 Fisher). Homogenized protein lysates were obtained by rotating at 4 °C for 30 min, followed by 640 centrifugation at 14,000 rpm for 30 min. Protein amounts were quantified using the DC Protein Assay 641 (Bio-Rad). For immunoblotting, protein samples were separated by SDS-PAGE on 12% polyacrylamide 642 gels and transferred onto nitrocellulose membrane. Membranes were probed using the indicated 643 antibodies and chemiluminescent signals was detected by a LAS 4000 mini Image Quant system (GE 644 Healthcare). Band intensity was quantified using ImageJ. UCP1 (#ab10983, Abcam), 645 CYP2E1(#ab28146, Abcam), ALDH1A1(#ab52492, Abcam), HSP90 (#4887, Cell Signaling 646 Technology), HRP anti rabbit (Calbiochem). 
